fundamental role of this process in atherosclerosis ( 3 ) . Macrophage identifi cation strategies are particularly attractive for molecular imaging in light of their ubiquitous presence and positive correlation with complications of atherosclerosis. A number of different targeted contrast agents specifi c for macrophage proteins have been tested in atherosclerosis. In such approaches, the contrast strategy is typically paramagnetic gadolinium (Gd) chelates or iron (Fe) oxide particles and is passively incorporated to various carrier molecules. The carrier moieties by virtue of preferential uptake by, or delivery to, specifi c pathways or receptors of relevance to the macrophage allow for "highpayload" delivery of the contrast agent and facilitate imaging with adequate signal to background noise ratios. Examples of such approaches include HDL (4) and LDL (5) lipoproteins incorporating Gd, polyethyleneglycol (PEG) grafted immunomicels ( 6, 7 ) , and liposome vesi cles ( 8 ) conjugated to antibodies targeting the macrophage scavenger receptor. In general, these approaches have been shown to provide enhanced detection of macrophage-rich areas, allowing monitoring of macrophagerich areas. Although these strategies are attractive, they do have several disadvantages, including considerable difficulties in preparation and handling, expense (e.g., antibodies), nonspecifi city of targeting, and steric hinderances pertaining to the carrier moieties, such as PEG that may reduce targeted interaction of the antibody to sites of recognition ( 9, 10 ) . It is well known that exteriorized phosphatidylserine (PS) residues present in apoptotic cells promote macrophage recognition by macrophage scavenger receptor/CD36 followed by rapid phagocytosis ( 11, 12 ) . Accordingly, we hypothesized that mimicking apoptosis with liposomes containing PS may represent an attractive approach for molecular imaging of atherosclerosis.
Abstract Exteriorized phosphatidylserine (PS) residues in apoptotic cells trigger rapid phagocytosis by macrophage scavenger receptor pathways. Mimicking apoptosis with liposomes containing PS may represent an attractive approach for molecular imaging of atherosclerosis. We investigated the utility of paramagnetic gadolinium liposomes enriched with PS (Gd-PS) in imaging atherosclerotic plaque. Gd-PS-containing Gd-conjugated lipids, fl uorescent rhodamine, and PS were prepared and characterized. Cellular uptake in RAW macrophages (fl uorescent uptake of rhodamine) was studied on a fl uorescence plate reader, while Gd-PS-induced alteration in T1 relaxivity was evaluated using a 1.5 T MRI scanner. RAW cells demonstrate PSdependent uptake of across a range of concentrations (2, 6, 12, and 20%) in comparison to control liposomes with no PS (0%). In vivo performance of Gd-PS was evaluated in the ApoE ؊ / ؊ mouse model by collection of serial T1 weighted gradient echo MR images using an 11.7 T MRI system and revealed rapid and signifi cant enhancement of the aortic wall that was seen for at least 4 h after injection. Gd-PSenriched liposomes enhance atherosclerotic plaque and colocalize with macrophages in experimental atherosclerosis. -Maiseyeu, A., G. Mihai, T. Kampfrath, O. P. Simonetti, C. K. Sen, S. Roy, S. Rajagopalan, and S. Parthasarathy. 
Cell culture
RAW 264.7 macrophages were obtained from American Type Culture Collection (Manassas, VA). Cells were cultured in complete RPMI media containing 10% FBS, 1% penicillin-streptomycin, 1% glutamine, and 1% sodium pyruvate at 37°C, 5% CO 2 . For fl uorescent and cytoxicity studies, cells were plated in opaque 96-well plates with 10 4 cells per well. After 24 h of incubation, the cells were washed with PBS (1×), and each well was incubated with 100 l phenol red-free medium containing 50 g of appropriate liposome formulation or Magnevist (as a control in cytoxicity experiments). After 12 h, cells were washed with prewarmed PBS (2×, 100 l) and assayed on fl uorescence plate reader (Victor V; Perkin-Elmer). For in vitro MRI experiments, cells were placed in 300 cm 2 culture fl asks (8 × 10 6 cells per fl ask, 80 ml of media) and after 24 h of incubation, the media were removed and replaced with fresh media. Liposomes (1 ml, 40 mg/ml of lipids) were then added and gently swirled, and cells were incubated in a wet atmosphere at 37°C, 5% CO 2 for 12 h. Then, the old media were aspirated off and cells were washed twice with 80 ml of prewarmed PBS. Next, deionized water was added (50 ml per fl ask), and fl asks were agitated on an orbital shaker for 1 h. Resulting suspension of cell lysate was transferred into 50 ml Falcon tubes and centrifuged at 1,500 g for 5 min. Pellet was isolated, frozen in dry ice, and lyophilized. Resulting dry powder was reconstituted by sonication in 1 ml of 10% Triton X-100. Mixture was transferred to Eppendorf tubes and imaged in a 1.5 T MRI scanner (Avanto, Siemens, Erlangen, Germany).
Cellular toxicity assay
Cells were prepared as indicated above (cell culture section), and the same liposomes but containing no fl uorescent lipids were added to each well at three different doses: 6 g of liposomes containing 0.1 g of Gd, 60 g of liposomes containing 1.0 g of Gd, and 120 g of liposomes containing 2.0 g of Gd. Two controls were used: the same amount of liposomes without Gd-DTPA-SA and Magnevist, diluted with HEPES buffer corresponding to Gd concentrations of 0.1, 1.0, and 2.0 g per well. The lactate dehydrogenase (LDH) assay was carried out using the CytoTox-ONE homogeneous Membrane Integrity Assay (Promega, Madison, WI)
Microscopy
Cells were grown in 6-well plates in conditions described above. Cultured macrophages were treated with fl uorescent liposomes at concentration 0.45 mg total lipids per well. After an appropriate incubation period, cells were fi xed by the addition of cold 2% paraformaldehyde and fl uorescence was analyzed. Optical imaging of cells treated with fl uorescent liposomes was performed on a Nikon Eclipse FN1 microscope (Japan) using a 40×/0.80 W water immersed objective. The data were processed using Metamorph software (version 7.1.2.0; Metamorph, Downingtown, PA).
Confocal fl uorescence microscopy and immunohistochemistry
At the end of the MRI experiment, mice were euthanized, and the aortas were immediately removed and embedded in optical cutting temperature compound. Sectioned abdominal aortas (8 M) were immersed into ice-cold ethanol for 5 min and then air dried and rehydrated with PBS. After treatment with 0.02% Triton X-100 and successive washing with PBS, slides were blocked with goat serum and then incubated with FITC-conjugated rat Here, we describe a non-PEGylated, antibody-free, targeted contrast agent approach for macrophage imaging ( Fig. 1 ).
MATERIALS AND METHODS

Reagents
Egg-phosphatidylcholine (PC), egg-phosphatidylglycerol (PG), brain-PS, and phosphatidylethanolamine-Lissamine-Rhodamine B (DOPE-Rho) were purchased from Avanti Polar Lipids (Alabaster, AL). Cholesterol and all other chemicals were obtained from Sigma-Aldrich (St. Louis, MO); Gd-diethylenetriaminepentaacetic acid distearylamide (Gd-DTPA-SA) was synthesized according References 13 and 14 , RPMI 1640, FBS, and PBS were purchased from Cellgro Mediatech (Herndon, VA); and penicillin-streptomycin, glutamine, and sodium pyruvate were from Gibco/Invitrogen (Carlsbad, CA).
Paramagnetic liposomes
Liposomes were prepared by lipid fi lm hydration ( 10, 12, 14 ) . Briefl y, solutions of lipids in chloroform were mixed and solvent was evaporated in vacuo. The molar composition of vesicles was 28.95% to 18.95% PC, 28.95% to 18.95% PG, 0% to 20% PS, 0.1% or 0.5% DOPE-Rho, 35% cholesterol, and 7% Gd-DTPA-SA. The vesicles containing different concentrations of PS were made by decreasing of amount of PC and PG simultaneously to accommodate increases in PS, while amount of DOPE-Rho, cholesterol, and Gd-DTPA-SA remained constant. Residue was pumped for 2-3 h and hydrated with 1 ml of HEPES buffer (20 mM HEPES and 135 mM NaCl, pH 7.2) at 55°C. After vigorous vortexing, resulting liposome suspension was passed through 400 and 200 nm Nucleopore membranes (21×) using mini extruder (Avanti Polar Lipids). Fluorescent paramagnetic liposomes always contained 0.1 mol% and 0.5 mol% DOPE-Rho for in vitro and in vivo experiments, respectively, and 7% of Gd-DTPA-SA. Control liposomes contained the same kind and amount of lipids except PS. The absence of later was compensated for by an equal amount of PG. For all cell studies, liposomes were prepared in concentration 10 mg/ml total lipid, and for in vivo MRI experiments, 25 mg/ml of total lipid concentration was used. The liposome particle size was determined using Dynamic Light Scattering on Nano S Zetasizer (Malvern Instruments). Liposomes had mean magnet and while still placed in the birdcage coil holder was tail vein injected with contrast agent and immediately placed back in the magnet for the postcontrast scans. Each mouse was imaged for approximately 1.5-2 h after contrast administration using repetitive acquisitions of the 5:56 min gradient echo sequence. Just minutes before 4, 8, 12 , and 24 h postcontrast, each mouse was anesthetized and placed back in the magnet, and a single MRI scan was acquired using the T1 weighted gradient echo sequence.
Image analysis
MR images were analyzed using ImageJ (NIH). For each mouse, four slices common to the all time points were identifi ed by checking the shape and position of the spinal column. For each time point, the thickened aortic wall was identifi ed, and one irregular 25-35 pixel region of interest, which covered the entire aortic wall, less the region next to vena cava, was hand drawn on each slice. Signal-to-noise ratio (SNR) of each region of interest was calculated as the average signal intensity divided by the standard deviation of the noise level. The SNRs of the four slices were averaged and displayed as a function of time to depict the time course of the signal intensity changes due to contrast uptake in the atherosclerotic wall. Percentage of normalized enhancement (NENH) was calculated by the formula: % NENH = 100 × (SNR post /SNR pre ); SNR post and SNR pre are the SNRs obtained after and before contrast agent administration, respectively.
Statistics
All values in this article represent mean ± SD unless otherwise specifi ed. One-way ANOVA methodology was used to compare multiple variables or time points with P < 0.05 representing statistically signifi cant differences. A Bonferroni posthoc correction was used to assess differences between groups. All statistics were performed using GraphPad Prism (Version 4.0; GraphPad Software, La Jolla, CA). Figure 2A represents chemical structure of the Gd-DTPA-SA complex used in the preparation of liposomal Gd complexes in our experiments. Preliminary studies were then performed to optimize liposomal lipid composition, which demonstrated that liposomes containing PC, anti-mouse CD68 monoclonal antibody (clone fa-11; Serotech, Raleigh, NC).
RESULTS
Optimization of liposome formulations and evaluation of its T1 by MRI
Following washing, slides were incubated with 10 M Hoechst 33342 (Invitrogen, Carlsbad, CA) and mounted. Tissue images were collected using an inverted Zeiss LSM 510 confocal microscope equipped with Argon (458, 477, 488, and 514 nm), green HeNe (543 nm), and red HeNe (633 nm) lasers. For Hoechst 33342 fl uorescence, a titanium sapphire two-photon laser was used. Objective used was C-Apochromat ×63/1.2 numerical aperture water immersion (Zeiss). Data were analyzed using Zeiss LSM 510 Meta and Image Browser software.
Animals
Nine 32 week old ApoE Ϫ / Ϫ -knockout mice were used for in vivo MRI experiments. Six animals were subjected to treatment with Gd-PS, while three mice were in control group and received control contrast agent. The animals were fed a normal chow diet. Contrast agents were administered intravenously at a dose of 0.1 mmol Gd/kg. All animals were treated according to the Principles of Laboratory Animal Care of the National Society or Medical Research and the Guide for the Care and Use of Laboratory Animals. ( 16 ) The experimental protocol was approved by the Institutional Animal Care and Use Committee.
MRI
In vivo MRI scans were performed using an 11.7 T Bruker NMR System (Billerica, MA) with a 52 mm inner diameter vertical bore and a 300 G/cm gradient strength. Mice were anesthetized with inhaled isofl urane (maintenance: 1.5-2%) and fi xed head-up with paper tape in a 32 mm transmit/receive birdcage coil. No respiratory or cardiac gating was used as the imaged abdominal area is not signifi cantly affected by respiratory or cardiac motion artifacts. The abdominal aorta and the kidney, which were used as the main anatomical landmark, were initially identified by acquiring 25 0.5-mm coronal slices using a twodimensional T1 weighted spin echo localizing sequence (TR/TE = 528/10.2 ms, scan time = 2:20 min). A gradient echo T1 weighted sequence with acquisition parameters optimized to depict the aortic wall was used to visualize the aortic wall pre-and postcontrast injection. Twelve two-dimensional, 0.1 × 0.1 × 0.5 mm 3 transversal contiguous slices, with the top one placed just below kidney, were acquired using a gradient echo sequence (TR/TE = 316/3.7 ms, fl ip angle = 22, four averages, total scan time = 5:56 min). The anterior placement of a 7 mm arterial fl ow suppression axial slab allowed for delineation of the inner and better depiction of the outer arterial wall. After localization and acquisition of the precontrast scan, each mouse was taken out of the Fig. 3 . Cells treated with PC liposomes demonstrated insignifi cant uptake when compared with Gd-PS with concentrations of PS >2%. Cells exposed to Gd-PS, at PS concentrations >2%, assimilated more fl uorescent material up to PS concentrations of 12%, with a decrease in uptake at high PS concentrations (20%).
In vitro validation of Gd-PS uptake and safety
The effect of Gd-PS uptake by cells on T1 relaxivity was further assessed in RAW macrophages. Control liposomes with no PS (0%) and the same Gd-PS liposomes at various PS concentrations used in prior experiments were prepared and incubated with RAW cells for 12 h. Cell lysates were prepared and imaged on a 1.5T MRI scanner using an inversion recovery T1 weighted spin-echo sequence (TR/TE = 1500/13.8, fl ip angle = 180, TI = 22-2750 ms). A decrease in T1 value was observed in cells treated with Gd-PS compared with controls incubated with PC liposomes, indicating an effect on longitudinal T1 relaxation time with Gd-PS ( Fig. 4A, Table 2 ). There was no further shortening in T1 observed beyond the 2% PS concentration. Fig. 4B depicts quantitative results on uptake of Gd-PS using a fl uorescent plate reader with the results expressed as relative fl uorescence units.The disparity between T1 shortening and fl uorescent uptake suggests that Gd uptake or localization in the cell membrane may not depend on the same mechanisms that facilitate PS uptake or that the concentrations of Gd required to further decrease T1 relaxation may necessitate large increases in Gd not achievable with our preparations. Since the maximum uptake by fl uorescence was noted at the 12% PS data point, the corresponding formulation was chosen for further in vivo MRI experiments.
In vitro toxicity of Gd-PS was compared with two controls: liposome formulation without paramagnetic material (Gd-DTPA-SA) and Magnevist. The fi rst control (PS-Lipo) contained the 12% PS incorporated in liposomes without Gd, while Magnevist preparation contained an identical amount of Gd as Gd-PS. Cells were then cultured as indicated in Materials and Methods, and three different doses of Gd-PS and both controls were applied to PG, and PS lipids were stable at all experimental conditions and could be prepared within a defi ned size range. Figure 2B depicts the results of particle size measurements for two formulations. Formulation 1 containing PC/PG liposomes was characterized by a limited size distribution, as opposed to liposomes formulated with PC and low PS concentrations (presumably secondary to signifi cantly less surface charge interactions). We therefore used the PC/PG and PS preparations in all subsequent experiments ( Fig.  2B legend provides the relative concentration of individual phospholipids).
Liposomes containing PC, PG, and PS were then incorporated with Gd-DTPA-SA along with the fl uorescent dye Rhodamine B to allow for in vivo tracking. This composite formulation was used in all further experiments.
We then investigated the appropriate concentration of Gd-PS liposomes for our in vitro and in vivo MRI experiments. Liposomal formulations were prepared at 5-35 mM of lipids and contained 7% Gd-DTPA-SA. The 35 mM concentration of liposomes was used for the following reasons. Relatively low concentration of phospholipids allowed for rapid and easy liposome extrusion and was convenient for intravenous injection into the tail vein of mice using narrow gauge venous catheters. Additionally, volumes of 400-500 l contained 0.1 mmol Gd/kg and represented the clinical dose of Gd most commonly used for cardiovascular MRI applications ( 17 ) .
MRI experiments performed on freshly prepared Gd-PS at different concentrations were compared with the clinically used contrast agent Magnevist (Schering, Germany). Table 1 provides the T1 relaxivities of various Gd-PS formulations where the lipid concentration was varied and compared with a Magnevist preparation containing an identical amount of Gd as the liposomes. As the T1 of Gd-PS (containing 35 mM of phospholipids) at 20 ms was roughly comparable to that of 3 M Magnevist (T1 = 9 ms), these fi ndings further additionally supported use of the 35 mM concentration of phospholipids for in vivo experiments (Table 1 ).
RAW macrophages demonstrate PS-dependent cellular uptake of Gd liposomes
Our next goal was to understand the optimal concentration of PS for successful targeting to macrophages. Recent studies suggest that PS exposed in apoptotic cells is crucial in the recognition and uptake ( 18 ) . To demonstrate that Gd-PS and its recognition by macrophages may be superior when compared with conventional PC liposomes, PC liposomes and Gd-PS containing a range of PS concentrations (mol: 2, 6, 12, and 20%) were incubated with cultured RAW macrophages. All liposomal formulations had injection. Increase in signal was discernible at 10 min, with both agents probably related to a fi rst pass perfusion effect, followed by a decrease probably related to redistribution and then a steady state phase related to equilibration. Signal decreased rapidly from 55 min onward in the control liposomes, while the decrease in the Gd-PS was gradual beyond 120 min with obvious retention in the vessel wall at 8 h. In contrast, the signal intensity in the control liposomes was no different from the precontrast phase (100% NENH; Fig. 6C ).
Colocalization of macrophages and Gd-PS in vivo
As evidence of colocalization atherosclerosis-associated macrophages with Gd-PS in vivo, we performed confocal fl uorescence imaging on sectioned mice aortas. Abdominal aortas were removed and immunostained 24 h postcontrast injection. To localize atherosclerosis-derived macrophages, we used CD-68 FITC-conjugated antibody and Hoechst 33342 to show nuclei of cells. Fluorescently labeled Gd-PSs were visible in the peri-adventitial region (red fl uorescence from rhodamine). The CD-68 staining indicated the presence of macrophages in the plaque area (green from FITC). Colocalization of rhodamine with some of the FITC appeared yellow and was detected primarily in the peri-adventitia ( Fig. 7 ) . The obtained images demonstrate in vivo delivery of Gd-PS to macrophage-rich areas. These results along with MRI data strongly support our central hypothesis of targeted macrophage behavior of Gd-PS in vivo.
DISCUSSION
In this study, we describe a novel approach to imaging macrophages using PS-containing liposomes. This approach resulted in signifi cant enhancement of atherosclerotic plaque in vivo for a prolonged duration and demonstrates the feasibility of such an approach for molecular characterization of high-risk plaque. Liposomal composition can be easily adjusted by including different lipids into the vesicle double layer and allows for inclusion of paramagnetic material and fl uorescence tags for in vivo them with following the incubation and measurement of the number of nonviable cells. LDH release from all treated cells was minimal at 0.1 g Gd (6 g lipids) and almost without any difference between Gd-PS and controls ( Fig. 5 ). There was little difference in toxicity between all three doses for PS-Lipo. This suggests that the toxicity may be related only to Gd in the sample. This also can be considered as normal cell growth and proliferation taking place in spite of presence of phospholipids. At 1.0 g Gd (60 g lipids), Gd-PS showed less toxic effect than Magnevist; however, at the higher concentrations, they both resulted in comparable cytotoxcity.
In vivo MRI validation of Gd-PS liposomes as contrast agent strategy
In vivo MRI imaging was performed in ApoE Ϫ / Ϫ mice using a gradient echo approach (see Materials and Methods). The abdominal aorta was imaged axially starting below the kidney to the aortic bifurcation using a gradient echo sequence, before and after in vivo administration of Gd-PS or control liposomes. The presence of plaque in all the animals was confi rmed following euthanizing, and representative Hematoxylin and Eosin (H and E) staining depicting plaque are provided as part of the fi gure as well. ( Fig. 3 ). * P < 0.05. riorized PS residues as a consequence of apoptosis ( 11, 18, 19 ) . We did not see signifi cant decreases in T1 shortening beyond 2% PS, while we did see a continuing increase in fl uorescent uptake of Gd-PS in our in vitro studies at least to the 12% PS concentration. This discordance in results using fl uorescence and MRI-based measures may relate to potential differences in the measurements with MRI and fl uorescence. Gd entry into the cell is gauged by changes in T1 values (an exponential variable), whereas changes in fl uorescence measurements are typically linear over the ranges studied. In our study, we obtained high-resolution images of plaque-containing regions of abdominal aorta at different time points. After injection of Gd-PS, signifi cant enhancement of aortic wall was induced initially by blood fl ow bearing contrast agent (fi rst pass enhancement). This was followed by a more gradual and sustained increase in signal at the later time points (>50 min), which likely represents targeted accumulation of paramagnetic material in the plaque macrophages as evidenced by our colocalization experiments. Our experiments comparing this with Gd-liposomes not containing PS clearly show that the presence of PS clearly allows accumulation of the contrast agent in the arterial wall. Although we did not study additional time points beyond 480 min, it is possible that there may be persistent contrast opacifi cation owing to sequestration of the agent in infl ammatory cells, such as macrophages. It is worth noting that inherent error associated with SNR analysis of plaque should be taken into account monitoring of tissue/cell-specifi c delivery. In our approach, we used a simple route to prepare nonPEGylated liposomes containing a well-known lipophilic Gd chelateGd-DTPA-SA ( 13, 14 ) and fl uorescent organic dye Rhodamine B to assess cellular uptake. Based on our studies, PS liposomes appear to be avidly taken up by macrophages. Our approach takes advantage of well-described pathways for PS-containing epitopes, as these are analogous to exte- and the observed PS-dependent enhancement is statistically signifi cant, yet somewhat small ( Fig. 6C ) .
A number of studies in experimental models of atherosclerosis and human studies have demonstrated the critical importance of recognizing macrophage content within plaque. The extent of macrophage infi ltration is directly correlated to subsequent complications associated with plaque disruption ( 20 ) . Previous approaches that have focused on macrophage imaging using MRI approaches have sought to recognize specifi c receptors on macrophage surface, such as the scavenger receptors ( 6, 7 ) or other antigenic determinants associated with oxidative modifi cation of lipoproteins ( 20 ) . In contrast, our approach seeks to take advantage of a specifi c high-effi ciency endogenous mechanisms by which macrophages engulf apoptotic cells and do not depend on antigen-antibody interactions to deliver Gd. Based on our data, we now demonstrate significant vascular wall enhancement that persists many hours after contrast material injection. These fi ndings suggest that simple modifi cation of existing Gd-containing contrast agents could render them as lesion-specifi c targeted contrast agents. Such an approach will not involve the use of antibodies or other targeting methods that are not clinically approved and moreover require the usage of PEG protection. Previous reports using PS-containing liposomes incorporated PEG chains grafted on to the liposome and/or micelle surface (6) (7) (8) . While the incorporation of PEG has a benefi cial impact on prolonging circulation times and in enhancing intravascular signal characteristics when administered in vivo, it may have other unintended consequences ( 9, 21, 22 ) . Specifi cally, the existence of a PEG-mediated shield effect has been described previously and has been theorized to hamper or abort targeted interaction of the carrier/vector to the antigenic determinants by blocking sites of recognition. Therefore, in our approach, we deliberately avoided PEG as our intent was to optimize delivery to a specifi c population of cells. Our data seem to indicate prolonged vascular retention for several hours after administration and may represent an incremental advance over current formulations used clinically that have minimal effects on wall enhancement or effects that are transient (<1 h).
In conclusion, liposomes containing PS may represent a novel approach to target macrophages in the atherosclerosis. Further modifi cations to enhance uptake and retention times may represent a simple and clinically relevant strategy to image atherosclerosis as phospholipid formulations are widely used clinically and may not pose undue concerns with regards to safety.
